i\Ieas urements of a-c core loss and d-c Ill ng npLi c proper ties including coerci\'e forcl', residual induction, and hysteres is loss arc r eported at Le mperaLurl's of 273, 195, 76, and 4 oK for a variety of commercial magnetic Fc-Si lind F e-48 perce nt Ni alloys. Of t hc materi a ls tested the high si li con content (3 t o 4.45 p ercent Si) Fe-Si a lloys wen' found to be t he least temperature sens itive. H ysteres is loss increases bcLwee n 273 and 4 O K of lip to 100 percent were m easured for the iron-nickel rml,terials.
Introduction 2. Materials Tested
An increasing use of electric motors, tmnsforJner::;, and other electrical equipment operating at cryogenic tempenltures has crea Led the need for engineering cla ta on the low-temperature magnetic properties of ferromagnetic maLerials. To fill t his need, fl-C a nd d-c magnelic properties were mensured at 4, 76 , 195 , and 273 OK for a variety of commercial Fe-Si and Fe-Ni alloys. Tables 1 and 2 list the various Fe-Si and Fe-Ni samples tested together with related pertinent information concerning sheet thickness, type of core, and chemical composition. The identi:fic~ttion numbers given will be referred to t hrou ghout the text. :\Iaterials 110 through 118 were kindly supplied by United States Steel CorporaLion and materials 100 through 102 and 200 through 213 by Armco Steel Corpol"lLLion. 1\ LtLerifLls ] 00 through 102 are idenLified by Lh e trflde name, "Oriented 1'," 200 t hroug h 203 by "48 Orthonik," and 210 throu gh 213 by "48 Ni." ' Present address: Colorado E arLh Science L abo ratories, Inc., Boulder, Colo. 
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A standard voltmeter-wattmeter method [1] 1 was used to determine a-c core loss nLlues. The magnetic induction in the core is determined by measuring the secondary voltage with fLn a-c differential ,-,"oltmeter calibra ted to 0.5 percent accuracy. InducLlOn levels were limited to values below that which resulted in 3 percent or greater 3rd harmonic distortion as determined by a wave analyzer across the secondary windings. A high input impedence electronic wattmeter was employed thereby making instrumental loss corrections negligible. Direct current hysteresis loops were plotted semiautomatically on an x-y chart recorder. The magnetic induction was recorded using an integrating d-c amplifier. The magnetizing force was calculated from the voltage drop produced by the magnetizing current flowing through a standard resistor.
Samples
The samples used for cryogenic testing weigh approximately ~~ Ib and are considerably smaller than that specified by the ASTM standards [2] . This was necessary to prevent excessive liquid evaporation and the use of inconveniently large Dewars. All samples are in the shape of toroids. The tape-wound and laminated samples vary slightly in size. In all cases, however, the ratio of mean diameter to radial width is 8 to 1 or greater. This ensures a reasonably uniform flux distribution throughout the cross-section al area of the sample.
The lDeftn diameter of the cores is approximately 2 in. For most materials two samples of each were tested.
The oriented iron-silicon material and all irol1-nickel samples were placed in either anodized aluminum or bakelite boxes prior to winding the seco ndary and primary coils. These loose-fitting boxes prevent coil winding stresses from affecting t he magnetic properties. Since the unoriented grades of Fe-Si are seldom boxed in nor111ftl use, these sa mples were prepared by wrapping the laminated toroid with O.004-in. Teflon tftpe to pro vide electrical insulation between windings and core materi~ll. The primary and secondary windings were then placed directly atop the Teflon tape. To determine the effect of winding stresses on the magnetic properties, four materials, 111 , 112, 114, and 117, were also tested in boxed form. The large increase in core loss for the unboxed cores compared to the boxed cores at low temperature can be attributed to the detrimental stress effects produced by the differential contraction between the iron-core material and the copper windings. Because of the wide use of the unoriented grade Fe-Si in components where little or no emphasis is given to eliminating winding or clamping stresses, core loss data for the unboxed as well as selected boxed materials are shown in table 3. With the exception of sample 118 all mn,terials were stress-relief tlllnealed by the l'a,bricn,Lors followin g their normal annealing procedures. Sample 118 Wr),S te,;ted in both un anJlealed , as fabricated, and annealed condi tions. Both unann ealed and annealed samples were boxed to prevent the exll'aneou,; effects of windin g stresses. The temperature behavior of these two samples will be discussed bter in relation to theories of coer ci ve force.
Internal heating was, in some instances, great enough to raise the sample temperr),ture abol'e that of the environ men tal bath. The ternperatlll'e rise was determined using a Au-Co versus copper thermocouple. Core loss values presented in table 3 have been interpolated where necessary to give lo,;s yalues at the bath tempemtmes listed.
Alternating Current Loss Data
Alternating curren t cor e loss for each sa mple was measm ed at 4, 76 , 195, a nd 273 O K for vrtrious peak inductions from 2 to 18 kg. 2 All materials were tested at 60 cis (hertz). Wh ere the type of l1H1tel'ial warranted it, measurements were also made at 400 and 1000 cis. At 60 cis the upper induction lel-el is limited by waveform distortion. At 1000 cis it is limited by the breakd own yoltage of the magnet wire insulation. In the interest of saving space, only foUl' graphs (figs. [1] [2] [3] [4] showin g cor e loss versus temperature are presented. The bulk of the data are presented in table 3.
From the data given in flgures 1 to 4 and table 3 it is noted that the high silicon con ten t (3 to 4.45 % Si) Fe-Si alloys are the least sensitive to temperature variations. This is primarily a result of these alloys having a lesser temperature dependence of electrical resistivity resulting in a smaller increase in eddy current loss. Although there has been some criticism in the past of separating total core loss into hysteresis loss and eddy current loss components, we find that it is helpful, at least qualitatively, to speitk in terms of a separate hysteresis and eddy current loss.
2 'T'he foll owin g rela tionships may be used to obtain eq uiva len t values in t he MKS A system of nnits. For instance, upon exammm g th e data for m aterial 102 in table 3, it is noted that at 60 cis and for low peak indu ctions there is a loss increase of approximately 8 percen t up on cooling from 273 to 4 ole At 400 cis and 1000 cis however , the correspondin g loss increase is approximately 20 percent, T hitl difference may b e explained by assuming t he greater part of the total loss at 60 cis to be due to a hysteresis loss while at 400 and 1000 cis an increasing percentage of th e total loss is due to eddy current losses which, to a first approximation, may be expected to vary inyersely as the material resistivi ty. F rom the resistance data given in fig ure 5 it is seen th at for material 102, R4/R273 = 0,82, T his gives an expected eddy current loss increase of approximately 22 per cent which is in good agr eement with t he total cor e loss data at 1000 cis. By similar arguments involving sep arate hy steresis and edd y curr en t loss components a satisfactory comp arison of the temperature dependence of cor e loss can b e made among materials 100, 101 , and 102 which ar e similar excep t for tape thickness . As a result of t his study it may be said th at, in general, a-c cor e loss will increase upon cooling gr eatly from one material to another, the range being from nearly no increase to almost 200 per cent for the materials tested. The one excep tion to the above statement is material 118, As seen in table 3 this sample, in the unannealed condition, showed a loss decrease of approximately 4 percen t at 60 cis. T his decrease with decreasing temper at ures is also evident in the d-c hyster esis loss measurements and will be discussed further in t he section on d -e pr oper ties.
Direct Current Properties
Direct curren t hysteresis loops at p eak inductions of 5, 10, and 15 k G were measured fo r t he same samples used for a-c measurements. Values of t he coercive force, H e, and the r atio of r esidual i nduction to peak induction, B r/B m, were measured directly from t he loops and should be accurate to wit hin approximately 1 per cen t. The d-c hysteresis loss, P h, was determined fr om planimeter m eas ureme nts of th e loop ar ea and should be accurate to about 1 to 2 percen t excep t for induct ion levels which required a ch ange of scale in the 
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l-l-axis. In t he latter cases th e loss values may be in errol' up to approximately 5 percent. Inasmuch as the winding stresses are known to influence t he hysteres is loss temperature dependence, only the boxed samples will be considcr ed herc. The effects observed are therefore of purely magnetic origin. The results for the Fe-Si and F e-Ni alloys are presented separately.
.1. Fe-Si Alloys
The temperature dependence of the coerci vc force, rcs idual induction, and h yster cs is loss is shown graphically in fi.gures 6 throug h 10 with the res ults normalized to 1.00 at 273 ole For comparison purposes the absol ute val ucs of lIe, B r/B tn, and F't. at 273 oK are tabulated in tablc 4. 
Electrical resistances, rati os of low tem perature to ice-point values.
The num bered curves a re for t he followin g materials listed in tables I and 2: (1) 118; (2) The magnetization process in ferromagnets is commonly described in terms of domain wall motion and domain rotation processes. By measuring the d-c hysteresis loops at peak inductions of 5, 10, and 15 kG it was intended to proceed from an induction level (5 kG) where comparatively simple domain wall motion processes predominate to an induction level (15 kG) where domain rotations and the more complex closure domains [3] become increasin gly important. It is of course realized that this somewhat arbitrary choice of peak induction levels will distinguish between the different m agnetization processes to varying degrees for the various materiah tested. To illustrate this it would be well to consider materials 100 and 102. The hysteresis loops at a peak induction of 15 kG are shown for these two materials in figures 11 and 12, respectively. It is evident from the loops that the magnetization of material 102 has proceeded primarily by simple domain wall motion . On the other hand, the cune for material 100 suggests that the magnetization process is well into the region of domain rotations and the associated closure domain wall movements. This influence of magnetization process on the temperature dependence of the hysteresis loss is shown Ll OF~_=""'+_-=--.J---_l_---+---.J_5 -kG -..j in figure 7. Here it is noted that at 15 kG, material 100 exhibits a temp erature independent hysteresis loss. This corresponds to Chen's statement [3] that at the higher temperatures the decrease in energy loss associated with irreversible domain wall movement may be completely compensated by an increase in closure domain loss. At 15 kG material 102 still shows an increased hysteresis loss at 4 OK. The increase, however, is only about 5 percent compared to 10 percent at 10 kG and approximately 13 percent \ at 5 kG. Thus it indicates that the magnetization of material 102 is just starting to enter the region of domain rotation at 15 kG. It would be expected that at some higher peak induction material 102 would exhibit a temperature behalT ior comparable to the behavior of material 100 at 15 kG. This in fact is the case at 18 kG where the hys teresis loss for material 102 was measured to be approximately 2 percent lower at 4 O K compared to the 273 O K value. Ignoring material 118 for the moment it is found that a similar situation exists for the unorien ted alloys as shown in figure 9 . While there is a hysteresis loss increase of approximately 4 percent at 76 OK for both 5 and 10 kG the hys teresis loss decreases by approximately 2 percent for a peak induction of 15 kG. 
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values .
Grain ·orien ted materi al: 0 100; 6. 101; 0 102. M aterials iden ti fi ed in t a ble 1.
b. Coe rcive Force
Upon comparison of t he cun'es for the temperat ure dep endence of coerci \'e force and hysteresis loss it is found for materials 100-102 th at for peak inductions of 5 and 10 kG t h e tempel'atUl'e b ehavior is nearily identical. Thus th e hyster esis loss behavior is d etermined almost en t irely b y the temperature dependence of th e coer cive force . At 15 kG (18 kG for material 102), t h ere is n o su ch correspondence. This is clue to th e effect of closure domain loss as discussed previously . It should be observed, however, that the increase in coercive force at 4 O K is very n early t he same for both the 10 and 15 kG levels of induction.
c. Residual Induction
As discussed by Ch en the r esidual in duction may b e expected to incr ease with decreasing temp er atUl'e. The primary reason for this is t h e temperature dependence of th e magneto crystalline anisotropy, K , in the expression for t h e wall energy. Inasmuch as this model is concerned with th e nucleation of n ew reverse domains, the expression for wall en er gy would be expected to giye an indication of the temperature dependence of t h e r esidual induction 'Boxed unoriented lIlateri al: 0 Ill ; 6. 112; 0 114; \l 11 7, • 11 8, unannealed:
X 118 a nnealed . M ateri als identified in ta ble L ollly at i:l lclucLion le\'e18 approaching saturation where all t h e original domain walls lU1\'e been eliminated. Indeed, for the samples sh own in figme 10, with t he excep t ion of 118, t h e residual indu ction is essentially temp erat ure in dependent at t he lower peak inductions of 5 and 10 kG.
d. Material 118
As can be see n from the CUf\'es for I-Ie, B n a nd PI" material 118 exhibits a behavior different from t h e other iron-silicon alloys tested. For t bis reason it is presented separately . W e ha"e n o co mplete explanation for the temperat ure behavior of t his mat erial but feel it is probably associated with t he vanishing magnetostriction co nstant at low temperatures for a silicon content of 4.45 p erce nt [4] .
As disc ussed by Chen the current t h eories indicate th e coerci,'e force to b e a fun ction of As/I s or K lI s or both, where As is t he magnetostriction constant, I s is t h e sat uration m agnetization , and Kis t h e m agnetocr ystalline a nisotropy. Wh er eas C hen considered t h e energy term associated with magnetostriction to b e negligible CO lllpal'ed to t he crystal anisotropy term, t his is not t he case for 4.45 percent silicon iron. In the case of th e un annealed, "as processed" sample, the material is undoubtedly severely stressed, Taking the internal stress to be of t he order of the yield stress (4.9 X 10 9 dyn/cm 2 ) and }q oo= 2.0 X 10-5 , the energy associated with magnetostriction is 9.8 X 10 4 ergs/cm 3 compared to a crystal anisotropy energy of 30 X 10 4 ergs/cm 3 at room temperature. Clearly the magnet ost riction energy is not negligible.
The decrease in H e shown in figure 8 is thus attributed to t h e decrease in t h e magnetostriction constant up on coolin g below 273 °IC If t his in terpretation is correct the removal of in t ern al stresses by annealing would be expected to r esult in a temperat ure dependence of coerci ve force determin ed by t h e crystal a nisotropy energy only . As shown for the annealed sample this res ult was partially realiz ed; tbe coerci ve for ce at 15 k G increased slightly with d ecreasing temp erature. It should be noted t hat the coercive l'orce at 5 kG and 10 kG still shows a s mall decrease at the lower te lllperatures. The decrease is, h owever , much less than for the unannealed sample. It is possible that annealing t h e material at 1425 of for 24 hI' does not completely remove t h e in ternal stresses, thus leaving a small dep endence on the m agnetostriction energy. Annealing at higher temperatures was not attempted sin ce it was feared that recrystallization might occur thereby introdu cing a n ew variable of crys tal orientation [5] .
The behavior of the residual induction for bo th the unannealed and annealed material is sh own in figme 10. The unann ealed sample shows a greater temperatme dependence th an t h e annealed material. For a m aterial whose magnet ostriction d ecr eases with d ecreasing temperatme this would not be expected to occm on the b asis of t he wall energy equation mentioned previously. B arring the possibility of recrystallization occurring dming th e annealing treatment one must conclude that it is an oversimplification to treat the r esidual induction in terms of the wall nucleation process only. 
Fe-Ni Alloys
The iron-nick el alloys tes ted are less well-beh aved than t he iron-silicoll alloys discussed in t he previous section . Their beh ayior is not completely understood at present. In view of their potential use at cryogenic temperatures h owelrer , and t h e lar ge ch anges in th e magnetic properties which were found to occm , som e results are presented here without explan ation . The cm ves ar e intended primarily for design and application use.
H yster esis loops for a variety of materials are presented in fig ures 13 through 20. The curves shown in figme 17 are for a material commer cially supplied as 0.002 in. 48 Ni. However , metallmgical investigation indicated a ver y sm all gr ain size which is not considered to be typical for this material. The cmves ar e presented in view of the strange b eh avior evident at 76 ole I t is not known wheth er such a temperatme b ehavior would be the rule or the exception for comm ercially supplied m aterial of this type. A laboratory prep ared sample, of 0.002 in. 48 N i, supplied by Armco Steel , was also tested. The results are sh own in fi g Ul·e 18 where it is seen that the kinked loop behavior is absent.
Summary
The a-c and d-c magnetic properties of selected Fe-Si and Fe-Ni alloys h ave been measmed at cryogenic temperatmes. The results ar e presented in tables and graphs to pro vide engineering d esign data. Of the Fe-Si nl10ys, the thin gr ain-oriented m aterial would be b est suited for cryogenic use. In addition to its superior room temp er atm e properties, it exhibits a consider ably lower loss increase at cryogenic temperatmes than do the thick er laminated, low silicon content alloys. The Fe-N i alloys are in /
